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Abstract
Thresholds for the detection of motion in depth in the median plane of the head are substantially poorer than those for motion in
the frontoparallel plane. This suggests the existence of two independent mechanisms for their detection. Any three-dimensional (3-
D) motion can be decomposed into components of motion in the frontoparallel plane and in the median plane of the head. Can
human performance for the detection and discrimination of other 3-D motions be predicted by a combination of responses from the
two independent mechanisms? Minimum displacement thresholds (dmin) for the detection of 3-D motion and the direction dis-
crimination of 3-D motion were measured for a wide range of 3-D directions. dmin data were modelled in terms of the probability
summation of a pair of independent motion mechanisms, one responding to motion in the median plane of the head, the second to
motion in the frontoparallel plane. Detection of 3-D motion was well predicted by probability summation across a range of 3-D
directions. Direction discrimination of 3-D motion was similarly well ﬁt by the probability summation model for multiframe motion
displays for some observers. However for two-frame motion displays, direction discrimination for 3-D motion was best ﬁt by a
model using only a motion mechanism in the frontoparallel plane. Detection and direction discrimination thresholds for 3-D motion
can therefore be explained on the basis of one or two mechanisms, sensitive to motion in the frontoparallel plane and in the median
plane of the head.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Human observers have an impressive ability both to
detect the motion of a target on a screen and to dis-
criminate its direction. The smallest displacement of a
target between one frame and the next that can be reli-
ably detected by human observers is around 1000 (Legge
& Campbell, 1981; Tyler & Torres, 1972; Westheimer,
1979a). However displacements of motion of this order
are only realised when there is a nearby stationary
reference marker (Johnson & Scobey, 1982; Legge &
Campbell, 1981; Tyler & Torres, 1972) or when there is
relative motion between the stimulus elements (Snow-
den, 1992). In addition, the stimulus needs to be pre-
sented in or near the fovea (Levi, Klein, & Aitsebaomo,
1984; McKee, Welch, Taylor, & Bowne, 1990). The
smallest displacement of motion between one frame and
the next that can be reliably detected is known as the
minimum displacement threshold (dmin).
The human visual system is thus well adapted for
detecting and discriminating the direction of very tiny
motions. But human vision is also binocular, does
having two eyes help in motion processing? If a moving
stimulus is viewed binocularly, such that each eye views
the same image, then motion is perceived in the fronto-
parallel plane. If the direction of motion is reversed in
one eye, such that the motion is equal and opposite in
the two eyes, then motion is perceived in the median
plane of the head, towards or away from the observer.
When minimum displacement thresholds for motion in
depth along the median plane are compared with those
for motion in a frontoparallel plane, they are found to
be substantially poorer (e.g. Regan & Beverley, 1973;
Tyler, 1971; Westheimer, 1990). Similar diﬀerences in
performance have been demonstrated in a supra-
threshold search task (Harris, McKee, & Watamaniuk,
1998; Harris & Sumnall, 2000; Sumnall & Harris, 2000).
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In the presence of stationary three-dimensional (3-D)
distractors, a target moving in the median plane is sig-
niﬁcantly harder to detect than a target moving in the
frontoparallel plane. This growing body of evidence,
that motion in the median plane has very diﬀerent
properties to motion in the frontoparallel plane, sug-
gests that the two may be processed by independent
motion mechanisms.
Any 3-D motion can be considered as a combination
of motion in the frontoparallel plane and motion in
the median plane. Does the visual system combine
information from the highly sensitive mechanism for
frontoparallel motion and the less sensitive mechanism
for motion in the median plane? Displacement thresh-
olds measured for intermediate 3-D motions are found
to fall between the thresholds for motions in the median
and frontoparallel planes (Tyler, 1971; Westheimer,
1979b, 1990). An additional displacement of 1000 in the
frontoparallel plane is suﬃcient to signiﬁcantly reduce
the displacement threshold for motion in the median
plane (Westheimer, 1979b). Similarly, under supra-
threshold viewing conditions, the addition of a relatively
small frontoparallel motion to a large motion in the
median plane, makes a moving target signiﬁcantly easier
to detect in the presence of 3-D distractors (Harris et al.,
1998; Sumnall & Harris, 2000). However, this relation-
ship is not entirely reciprocal, since a relatively large
motion in the median plane has to be added to any
frontoparallel motion to signiﬁcantly aﬀect performance
for target detection (Sumnall & Harris, 2000). This may
simply reﬂect the diﬀerent sensitivities of the mecha-
nisms for motions in the frontoparallel and median
planes. An alternative explanation, which we examine
further here, is that motion detection may rely exclu-
sively on the frontoparallel motion mechanism for a
range of 3-D motions (Harris et al., 1998; Sumnall &
Harris, 2000).
Our aim in this paper was to systematically explore
the detection and direction discrimination of a range of
3-D motions, and to test whether displacement thresh-
olds can be predicted by either of two simple models.
The ﬁrst is a simple probability summation model based
on the thresholds for frontoparallel motion and motion
in the median plane. The second model tests the sug-
gestion that displacement thresholds may be predicted
solely from the threshold for frontoparallel motion. We
ﬁnd that each model can predict a diﬀerent subset of the
observed displacement threshold data.
2. Theoretical background
Any 3-D motion can be decomposed into three or-
thogonal components. One component is up or down in
the frontoparallel plane, but in this study we did not
study motions along this axis. We consider a motion
component in the frontoparallel plane, such that the
direction of motion is leftward or rightward and a sec-
ond motion component in the median plane of the head,
such that the motion is towards or away from the ob-
server. It is important to note that the retinal projections
of these two orthogonal motion components scale dif-
ferently with viewing distance (see Cumming, 1994 for
a review). Consequently, for any real 3-D motion, the
resultant angular motions of the images on the left and
right retinae depend not only on the ratio of the or-
thogonal motion components, but also on the viewing
distance. Our previous investigations have shown that
when the angular motions of the images on the two
retinae are kept constant, physically altering the viewing
distance has little eﬀect on the detection of 3-D motion
(Harris & Sumnall, 2000). This suggests that the limiting
factors in detecting 3-D motion operate at a level before
that of a scaled 3-D representation and that for many
tasks it may be more appropriate to express 3-D motion
in terms of angular units subtended on the retinae, ra-
ther than in metric units (Sumnall & Harris, 2000; see
also Beverley & Regan, 1973, 1975). Throughout this
paper we refer to the components of 3-D motion ex-
clusively in these equivalent retinal units and we do not
consider scaling with viewing distance.
Fig. 1a depicts a 3-D motion of magnitude tt and
trajectory angle h, expressed in equivalent retinal units.
Note again that since tt and h are expressed in equiva-
lent retinal units, they do not specify the magnitude or
direction of the motion in real 3-D space. If tx denotes
the motion component in the frontoparallel plane, ex-
pressed in equivalent retinal units, and tz denotes the
Fig. 1. (a) Schematic diagram showing the decomposition of a 3-D
motion into two orthogonal components, one in the frontoparallel
plane, the other in the median plane of the head. Expressed in equi-
valent retinal units, the magnitude of the motion is denoted tt; the
trajectory angle h; the component of motion in the frontoparallel plane
tx; and the component of motion in the median plane of the head tz.
(b) Relative displacement thresholds as a function of trajectory angle
predicted from a probability summation model (Dz ¼ 2Dx (––);
Dz ¼ 4Dx (– – –); Dz ¼ 8Dx (–––)) and from a tx-only model (  ).
// symbols denote breaks in the abscissa to allow data for tx=tz ¼ 0 and
tx=tz !1 to be plotted on the logarithmic scale.
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motion component in the median plane of the head,
again expressed in equivalent retinal units, then:
tt2 ¼ tx2 þ tz2 ð1Þ
We can consider these motions in terms of the projec-
tions of tt onto each retina. The frontoparallel motion
component (tx) is simply the average of the image mo-
tions on the right and left retinae:
tx ¼ ðtr þ tlÞ=2 ð2Þ
Similarly, the motion component in the median plane of
the head (tz) is the diﬀerence between the image motions
on the right and left retinae:
tz ¼ tr 	 tl ð3Þ
The displacement thresholds measured throughout this
paper are those for tt, the 3-D motion in equivalent
retinal units, which we measure as a displacement in
terms of visual angle at the eye.
As discussed in the Section 1, tx thresholds are much
better than tz thresholds. How might the visual system
deal with combining information from an apparently
precise mechanism and an apparently very imprecise
mechanism? Any signal will be detected if and only if
there is some probability that the threshold for the de-
tecting mechanism is exceeded. If there is more than one
mechanism involved in detection the overall probability
that the signal will be detected has to take into account
the probability of detection in each mechanism. This is
known as probability summation (e.g. Sachs, Nachmias,
& Robson, 1971). If there are two mechanisms involved
in the detection of 3-D motion, one for tx, and one for
tz, the overall discriminability (dt0) should be related to
their individual discriminabilities (denoted dx0 and dz0
respectively) by:
dt02 ¼ dx02 þ dz02 ð4Þ
Using probability summation, we can predict the total
threshold (Dt) from the thresholds for tx and tz (denoted
Dx and Dz respectively) using:
ðtt=DtÞ2 ¼ ðtx=DxÞ2 þ ðtz=DzÞ2 ð5Þ
and substituting the trigonometric relations:
tx ¼ tt sin h; tz ¼ tt cos h ð6Þ
to give:
ð1=DtÞ2 ¼ ðsin h=DxÞ2 þ ðcos h=DzÞ2 ð7Þ
Rather than using probability summation between the
independent tx and tz mechanisms, a further possibility
is that the visual system only uses tx and ignores tz
(e.g. Harris et al., 1998). In this case, the total threshold
Dt would be predicted from the threshold for tx alone:
ð1=DtÞ2 ¼ ðsin h=DxÞ2 ð8Þ
Eqs. (7) and (8) represent two hypotheses concerning the
way in which the visual system might utilise the two
components of motion. We can predict the performance
of a probability summation model using both tx and tz
(Eq. (7)) and that of a model using only tx (Eq. (8)).
Throughout this paper we will refer to the former as the
probability summation model and to the latter as the tx-
only model. We note however that the tx-only model as
deﬁned in Eq. (8), is actually a special case of probability
summation, in which the threshold for tz is inﬁnite
(Dz !1).
Fig. 1b shows the predicted pattern of displacement
thresholds from the two hypotheses, as a function of the
trajectory angle (tx=tz ¼ tan h). As illustrative examples
of the probability summation model, we consider Dz to
be 2, 4 or 8 times higher than Dx. The solid line shows
the probability summation prediction for the indepen-
dent use of both mechanisms if Dz is equal to 2Dx. The
prediction is that displacement thresholds follow an
s-shaped curve as a function of trajectory angle. The
dashed line shows the probability summation prediction
where Dz is increased to 4Dx, and the dot-dashed line
shows the prediction for Dz ¼ 8Dx. Here displacement
thresholds follow steeper s-shaped curves. The dotted
line shows the prediction for the tx-only model. The
displacement thresholds approach inﬁnity for small
trajectory angles, as tx approaches zero. For large tra-
jectory angles, thresholds asymptote to the displacement
threshold for frontoparallel motion.
Later in this paper, we use experimentally obtained
values of Dx and Dz for each observer to predict dis-
placement thresholds for Dt. We compare the predic-
tions with the measured displacement threshold data
collected for a range of diﬀerent trajectory directions.
3. Methods
3.1. Stimuli
The stimuli were n-frame (Experiment 1: n ¼ 2; Ex-
periment 2: n ¼ 5) random dot stereograms composed
of 200 bright dots (luminance 96 cdm	2) displayed on
an otherwise dark background (luminance 1 cdm	2).
The use of random dot patterns avoids the problems of
possible position cues (Nakayama & Tyler, 1981). Each
frame was displayed for 100 ms and there was no inter-
frame interval. The same patch of random dots was
displayed on each frame, but shifted in position so that
when binocularly fused, the dots appeared to move co-
herently along a trajectory in 3-D space. Each trajectory
of 3-D motion can be decomposed into a motion com-
ponent in the frontoparallel plane (tx) and a motion
component in the median plane of the head (tz). Fig. 2
shows a schematic diagram of the stimulus, decomposed
into the two orthogonal components of motion. Dots at
the edge of the patch were made to wrap around in 3-D
to the opposite side, so that the dots appeared to be
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moving within a ﬁxed window. At the centre of the ﬁxed
window, a small, bright ﬁxation marker was continu-
ously displayed, so that there was relative motion be-
tween the dots and the marker. Relative motion is an
important pre-requisite for good minimum motion de-
tection (Snowden, 1992). Since for some trajectories it
was necessary to present subpixel dot displacements, a
simple form of anti-aliasing via grey-level interpolation
was used throughout. Similar anti-aliasing algorithms
have been previously shown to support two-dimensional
(2-D) motion hyperacuity (Westheimer & McKee, 1977)
and static stereoacuity (Cumming, 1995).
A fundamental concern was that observers should
not be able to perform either the detection task or the
direction discrimination task on the basis of static dis-
parity cues alone. For example, if, in a two-interval
motion detection task, the stimulus dots always moved
in depth from the zero disparity plane in the test inter-
val, and remained in the zero disparity plane in the
control interval, then in order to detect the interval in
which the dots had moved it would be suﬃcient for
observers to detect a non-zero disparity. Similarly, if in a
single-interval direction discrimination task the stimulus
dots always started in the zero disparity plane and
moved in depth, then in order to decide whether the dots
had moved towards or away from them, observers could
simply note whether the dot disparity in the ﬁnal frame
was convergent or divergent relative to the ﬁxation
marker.
To prevent the cue of static disparity being used in
either task, the following method of randomisation was
used when the stimulus dots moved in depth. In either
the ﬁrst or last frame (chosen at random), dots had zero
disparity and appeared in the ﬁxation plane. In subse-
quent frames, a constant disparity was added to or
subtracted from all the dots so that the plane of dots
appeared either in front or behind the ﬁxation plane.
Hence a plane of dots could appear to move towards the
observer if either (a) the ﬁrst frame had zero disparity
and subsequent frames had convergent disparity, or (b)
the ﬁnal frame had zero disparity and prior frames had
divergent disparity. Thus, the tasks cannot be performed
by considering only a single frame of the display. In
addition, in the control interval of the detection task, the
depth of the stimulus dots was chosen at random on
each trial to be either zero disparity or to equal the non-
zero disparity in the test interval. For the condition in
which there was no depth component of motion (tz ¼
0), the dots were presented in the ﬁxation plane across
all frames.
3.2. Apparatus
All stimuli were generated on a Pentium 200 MHz PC
with fast 24 bits/pixel graphics. Stereo pairs of half-
images were displayed side-by-side on a single mono-
chrome monitor and viewed through a modiﬁed
Wheatstone stereoscope (Johnston, Cumming, & Par-
ker, 1993) so that only a single half-image was visible to
each eye. When viewed from a distance of 3 m, each
half-image subtended an angle of 2 at the eye. Obser-
vation took place in an otherwise dark laboratory.
3.3. Observers
Three observers completed this study: the ﬁrst au-
thor; a second experienced psychophysical observer; and
a third observer who remained naive as to the purpose
of the study and was paid for his participation. All ob-
servers had normal or corrected-to-normal visual acuity
in each eye and could report the depth in static random
dot displays.
3.4. Psychophysics
The study used a two-alternative forced-choice
(2AFC) procedure. Data were collected separately for
the motion detection and direction discrimination tasks.
For the motion detection task, observers viewed a target
stimulus (moving dots) and a control stimulus (statio-
nary dots), presented in random order and separated by
an inter-stimulus interval of 400 ms. Observers were
asked to indicate, by button presses on a joystick, the
interval in which the target stimulus was presented. For
the direction discrimination task, observers viewed a
single interval of moving dots and were asked to indicate
the direction of motion of the dots as either ‘‘leftwards
and towards the observer’’, or ‘‘rightwards and away
from the observer’’. No feedback was given at any point.
Fig. 2. Schematic diagram of the stimulus, decomposed into the two
orthogonal components of motion, one in the frontoparallel plane (tx),
the other in the median plane of the head (tz). Dotted lines represent
the ﬁxed window within which the dots moved and the central cross
represents the stationary ﬁxation marker displayed in the ﬁxation
plane.
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Data was collected separately for each 3-D trajectory
of motion, using a three-up, one-down staircase, to
converge on 79% correct (Wetherill & Levitt, 1965). In
each experimental run, two such staircases were inter-
leaved, one starting at a value 0.2–0.7 log units above
estimated threshold, and the second starting equidistant
below threshold so that the observer was presented with
both easy and hard trials at the beginning of each ex-
perimental run. In order to help the staircase to con-
verge quickly, prior to the ﬁrst reversal, step-size was 0.3
log units, between ﬁrst and second reversals this was
reduced to 0.2 log units, and from the second reversal on
this was kept constant at 0.1 log units. Each staircase
was terminated after 11 reversals. The stimulus levels
of the last eight reversals were averaged to give an es-
timate of displacement threshold. At least four experi-
mental runs were performed for each trajectory. The
mean displacement threshold and standard error esti-
mate were computed from the individual displacement
thresholds.
4. Results
4.1. Experiment 1: two-frame motion
In Experiment 1, stimuli consisted of two frames of
dots (200 ms). Fig. 3 shows displacement thresholds for
detection and direction discrimination of two-frame
motion as a function of trajectory angle. First examine
the displacement thresholds for detection of the moving
stimulus (open symbols). With increasing trajectory
angle (increasing tx=tz), observers’ displacement thresh-
olds decrease and asymptote to a value of around 3000.
Now consider the displacement thresholds for discrimi-
nation of the direction of the moving stimuli (ﬁlled
symbols). For motion in the median plane of the head
(tx=tz ¼ 0), all three observers are unable to discrimi-
nate motion towards them from motion away from
them. Their verbal report is of perceiving motion, but
not direction, in the median plane. For a small trajectory
angle (tx=tz ¼ 0:125), all observers are able to discrimi-
nate the direction of motion, but poorly, with thresholds
exceeding 18000. With increasing trajectory angle, ob-
servers’ displacement thresholds decrease and again as-
ymptote to a value of around 3000.
To calculate the probability summation prediction
(Eq. (7)), estimates of the displacement thresholds for
stimuli moving only in the frontoparallel plane (tx=tz !
1) and only in the median plane of the head (tx=tz ¼ 0)
are required. To calculate the prediction for the tx-only
model (Eq. (8)), only the former estimate is required. We
used the experimentally obtained values of these two
displacement thresholds for each observer to predict the
displacement thresholds across the range of trajectory
angles. Note that since the estimates of the two dis-
placement thresholds will have associated errors, the
model prediction represents an estimate, not an exact
ﬁt to the data.
Fig. 4 shows a comparison of the model ﬁts to the
observers’ displacement thresholds, re-plotted from Fig.
3. First consider the model predictions for the detection
of motion (upper panels). The probability summation
predictions, calculated separately for each observer, are
shown by the solid line. Observers’ thresholds (open
symbols) are very similar to the probability summation
model. The tx-only predictions, again calculated sepa-
rately for each observer, are shown by the dotted line.
Human performance is clearly far superior to this model
for small trajectory angles, when tx is relatively small.
Now consider the model predictions for the direction
discrimination (lower panels). Since it was not possible
to measure thresholds for motion only in the median
plane of the head (tx=tz ¼ 0), we cannot present prob-
ability summation predictions for these data. The tx-
only predictions are shown by the dotted lines. This
model ﬁts the observers’ thresholds (closed symbols)
well. Note, these lines are not calculated as a best ﬁt,
they are simply based on how the proportion of tx in
the stimulus varies as a function of trajectory angle.
The data in Fig. 4 show that the human observers’
displacement threshold functions for direction dis-
crimination are well predicted by the tx-only model.
Do human observers base their direction of motion
Fig. 3. Minimum displacement thresholds as a function of trajectory angle for two-frame motion. Open symbols show thresholds for detection of
motion and closed symbols show those for discrimination of the direction of motion. Error bars represent 
1 standard error of the mean. // symbols
denote breaks in the abscissa to allow data for tx=tz ¼ 0 and tx=tz !1 to be plotted on the logarithmic scale.
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judgements solely on the motion component in the
frontoparallel plane? We performed a more direct test of
this hypothesis below using two of the original obser-
vers.
The stimulus was modiﬁed slightly so that the direc-
tion in depth of the motion was ﬁxed for an entire ex-
perimental run to be either towards or away from the
observer. For example, for an experimental run in which
the depth component of motion was always towards the
observer, the instructions were to judge the direction of
motion as either ‘‘leftwards and towards the observer’’
or ‘‘rightwards and towards the observer’’. Here tz
provides no useful information to discriminate the di-
rections of motion. Instead observers must base their
decision solely on tx. Table 1 shows the displacement
thresholds for direction discrimination in this new con-
dition for two motion trajectories. The original dis-
placement thresholds from Fig. 3 are also given for
comparison. For observer AEW for both trajectories,
and for observer JHS for the trajectory tx=tz ¼ 0:25, the
displacement thresholds are not signiﬁcantly diﬀerent
between the two conditions (note the standard errors on
the data). For observer JHS for the trajectory tx=tz ¼ 4,
the displacement thresholds are actually worse when
there is a usable tz in the stimulus. Thus, observers do
perform as though they were basing their decision about
the direction of motion solely on the direction of tx.
4.2. Experiment 2: ﬁve-frame motion
In Experiment 2, the stimulus duration was increased
to ﬁve frames (500 ms) and again detection and dis-
crimination thresholds were compared. By deﬁnition,
the displacement threshold is the displacement between
any two consecutive frames (n and nþ 1) that can be
determined correctly on 79% occasions. Fig. 5 shows
the displacement thresholds for the detection and the
direction discrimination of ﬁve-frame motion as a
function of trajectory angle. For both detection and
direction discrimination displacement thresholds are
signiﬁcantly lower than those found for two-frame mo-
tion (note the diﬀerent ordinate scale compared with
Fig. 3). This is consistent with previous ﬁndings that
as stimulus duration increases, displacement thresholds
Fig. 4. Predicted displacement thresholds as a function of trajectory angle from a probability summation model (––) and from a tx-only model (  )
for two-frame motion. Upper panels show predictions for detection of motion; lower panels show predictions for direction discrimination. Open and
closed symbols show observers’ displacement thresholds for two-frame motion (re-plotted from Fig. 3). // symbols denote breaks in the abscissa to
allow data for tx=tz ¼ 0 and tx=tz !1 to be plotted on the logarithmic scale.
Table 1
Average displacement thresholds and standard error estimates (S.E.) for discrimination of two-frame motion for two motion trajectories, for two
observers
Observer Displacement threshold 
1 S.E. (00)
tx=tz ¼ 0:25 tx=tz ¼ 4:00
Only tx useful tx and tz useful Only tx useful tx and tz useful
AEW 102:7
 6:8 118:2
 13:1 20:4
 1:7 23:7
 2:1
JHS 103:3
 8:4 103:2
 11:4 25:9
 0:7 30:8
 2:4
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decrease (Boulton, 1987; Snowden & Braddick, 1990;
see also van de Grind, van Doorn, & Koenderink, 1983;
van de Grind, Koenderink, & van Doorn, 1986). If
thresholds are governed by a minimum amplitude of
motion, the total displacement measured across all
stimulus frames should remain constant. The secondary
ordinate axis in Fig. 5 shows the total displacement
across all ﬁve stimulus frames, at threshold. For all but
very small trajectory angles, the total displacements
across all frames at threshold, appear fairly similar
for two-frame motion (Fig. 3) and ﬁve-frame motion
(Fig. 5).
For the detection of ﬁve-frame motion (open sym-
bols), observers’ displacement thresholds decrease with
increasing trajectory angle and asymptote to values
around 1000. This is a similar pattern of results to that
obtained in Experiment 1 for the detection of two-frame
motion. The displacement thresholds for direction dis-
crimination of ﬁve-frame motion (ﬁlled symbols), reveal
inter-observer diﬀerences. For motion in the median
plane of the head (tx=tz ¼ 0), the two experienced psy-
chophysical observers are able to discriminate motion
towards them from motion away from them, with dis-
placement thresholds of around 3000. However, the third,
na€ıve observer (JSM) remains completely unable to
discriminate motions in the median plane of the head.
As in Experiment 1, his verbal report is of perceiving
motion, but not its direction in the median plane. With
increasing trajectory angle, all observers’ displacement
thresholds decrease sharply and asymptote to around
1000.
Fig. 6 shows a comparison of the model ﬁts to the
observers’ displacement thresholds for ﬁve-frame mo-
tion, re-plotted from Fig. 5. The solid lines show the
predictions for the probability summation model and
the dotted lines the predictions from the tx-only model.
Fig. 5. Minimum displacement thresholds as a function of trajectory for ﬁve-frame motion. The secondary ordinate axis shows the total dis-
placement across all ﬁve frames at threshold. Open symbols show thresholds for detection of motion and closed symbols show those for discrimi-
nation of the direction of motion. Error bars represent 
1 standard error of the mean. // symbols denote breaks in the abscissa to allow data for
tx=tz ¼ 0 and tx=tz !1 to be plotted on the logarithmic scale.
Fig. 6. Predicted displacement thresholds as a function of trajectory angle from a probability summation model (––) and from a tx-only model (  )
for ﬁve-frame motion. Upper panels show predictions for detection of motion; lower panels show predictions for direction discrimination. Open and
closed symbols show observers’ displacement thresholds for ﬁve-frame motion (re-plotted from Fig. 5). // symbols denote breaks in the abscissa to
allow data for tx=tz ¼ 0 and tx=tz !1 to be plotted on the logarithmic scale.
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For direction discrimination, we are again unable to
present the model based on probability summation
for the na€ıve observer. With the exception of this one
condition for observer JSM, observers’ displacement
thresholds for both detection and direction discrimina-
tion are well ﬁt by a model based on probability sum-
mation of tx and tz.
5. Discussion
In previous work, we reported a supra-threshold
search task for a target moving in 3-D amid 3-D di-
stractors (Harris et al., 1998; Harris & Sumnall, 2000;
Sumnall & Harris, 2000). Motion in the frontoparallel
plane was found to be signiﬁcantly easier to detect than
motion in depth in the median plane of the head. Along
with many other studies on human performance at
threshold (e.g. Regan & Beverley, 1973; Tyler, 1971;
Westheimer, 1979b, 1990), this suggests that the two
orthogonal motions may be detected by independent
mechanisms. Here, we tested explicitly how two inde-
pendent mechanisms might contribute to the detection
and direction discrimination of other, intermediate 3-D
motions. Speciﬁcally we compared a model based on the
probability summation of the two independent mecha-
nisms, sensitive to tx or tz, with one based only the
mechanism for frontoparallel motion tx. We review the
evidence in favour of each below.
5.1. Probability summation of tx and tz
Minimum displacement thresholds for the detection
of 3-D motion follow s-shaped curves as a function of
3-D direction (see Figs. 3 and 5). Minimum displacement
thresholds for direction discrimination of 3-D motion
also follow s-shaped curves as a function of 3-D direc-
tion, for multiframe displays, for two out of three ob-
servers (see Fig. 5). All s-shaped data are well ﬁt by the
probability summation model (see Figs. 4 and 6), sug-
gesting that a pair of independent mechanisms can ac-
count for performance. The steepness of the s-shaped
data gives an indication of the diﬀerence in sensitivity to
motions in the frontoparallel plane and in the median
plane of the head. At large trajectory angles (motion
dominated by tx), displacement thresholds asymptote to
the threshold for frontoparallel motion. Here, the dis-
placement thresholds for detection and direction dis-
crimination are very similar, suggesting that direction
can be discriminated at detection threshold and that
the motion detection mechanisms are direction selective
(e.g. Watson & Robson, 1981; Watson, Thompson,
Murphy, & Nachmias, 1980). However, for small tra-
jectory angles (motion dominated by tz), direction dis-
crimination thresholds are much higher than those for
detection. This oﬀers further evidence that when mo-
tions are close to the median plane of the head, they are
detected by a very diﬀerent mechanism than that used to
detect frontoparallel motion.
We have considered the displacement threshold data
in terms of probability summation between a pair of
mechanisms, one sensitive to motion in the frontopar-
allel plane, the other to motion in the median plane of
the head. However, it has been suggested that the di-
rection of 3-D motion can be obtained by a mechanism
sensitive to the ratio of left and right eye motions (e.g.
Beverley & Regan, 1973, 1975). An alternative model
would therefore be to consider the probability summa-
tion of a pair of independent mechanisms, each sensitive
to the motion in a single eye. The total threshold could
be derived from the thresholds found when the motion is
directly towards the left eye (no motion in the right eye)
and directly towards the right eye (no motion in the left
eye), in a similar way to that described in Eqs. (4)–(7).
How does probability summation based on the mo-
tions in the right and left eyes compare with that for
independent tx and tz motions? A speciﬁc prediction of
the left eye/right eye probability summation model is
that the threshold for motion in the median plane of the
head should be double that for frontoparallel motion.
For detection, observers’ displacement thresholds were
found to be 2–4 times higher for motion in the median
plane than for motion in the frontoparallel plane. Ap-
plication of the left eye/right eye model to the thresholds
for detection for observer JHS, produced near identical
results to those found for the tx=tz model and whilst
reduced chi-square measures were lower for the tx=tz
model, it is not clear that any diﬀerences are larger than
those expected from measurement errors. For direction
discrimination in multiframe displays, two observers’
displacement thresholds were a factor of 4 higher for
motion in the median plane than for motion in the
frontoparallel plane. Thus, a tl=tr model will provide a
relatively poor ﬁt to the data. For the third observer,
probability summation modelling was not possible.
5.2. tx only
For two-frame motion displays (and for one observer
with multiframe displays), minimum displacement
thresholds for direction discrimination of 3-D thresh-
olds approach inﬁnity as the component of motion in
the frontoparallel plane approaches zero (tx=tz ! 0; see
Fig. 5). Further, displacement thresholds for direction
discrimination are similar whether or not there is a us-
able component of motion in the median plane of the
head (see Table 1). These data are well predicted by the
tx-only model (see Fig. 6). The inability of observers to
discriminate the direction of a stimulus moving in the
median plane of the head is crucial here. If observers
had been able to perform this discrimination, albeit with
very high thresholds, then a probability summation
722 J.H. Sumnall, J.M. Harris / Vision Research 42 (2002) 715–724
model with very diﬀerent thresholds for tx and tz may
have accounted for the data (see Fig. 1b, Dz ¼ 8Dz).
Indeed, the tx-only model is actually a special case of
probability summation, in which the threshold for tz
is inﬁnite.
We consider two possible reasons for the inability of
observers to discriminate the direction of motion in the
median plane for two-frame motion displays. The ﬁrst
possibility is that the minimum displacement threshold
(dmin) and the maximum displacement threshold (dmax)
converge for the discrimination of this direction of
motion. In this case, observers would be unable to dis-
criminate direction since their theoretical dmin threshold
would exceed dmax. However, this possibility seems un-
likely. We were unable to ﬁnd any study that had
measured dmax for motion in the median plane of the
head. However, dmax for static stereopsis is around 1000
of disparity (Glennerster, 1998). Yet, when measured
across all ﬁve stimulus frames, the total displacement at
threshold found here is only 12000 or 20 (see Fig. 5, sec-
ondary ordinate axis).
A second possibility is that direction discrimination
of motion in the median plane is limited by the short
display duration (two frames of 100 ms). Relative dis-
placement thresholds of less than 1000 are not uncommon
for single line targets displaced in depth across two
display frames (e.g. Westheimer, 1979b, 1990). It there-
fore seems unlikely that the number of display frames
per se is a limiting factor. When each of the two frames
is displayed for only 5 ms, observers are still able to
detect the motion of a line target in the median plane
(Beverley & Regan, 1974). Displacement thresholds for
detection then decrease as a function of display frame
duration up to around 100 ms (the display frame du-
ration of our display). Since there are no corresponding
data for direction discrimination in depth, it remains a
possibility that direction discrimination in the median
plane requires a longer processing time than detection,
and that this may be the limiting factor on performance.
For a stimulus moving in depth in the median plane
of the head, all observers reported that although they
perceived motion, they did not know its direction in
depth. Indeed, the motion was mostly described as
leftwards or rightwards, rather than in depth (see also
Cumming, 1995; Cumming & Parker, 1994; Sumnall &
Harris, 2000). Our current data show that under forced-
choice conditions, this perceived frontoparallel motion
cannot be used to discriminate direction in depth. In
theory, experienced psychophysical observers could
infer the direction in depth from the perceived fronto-
parallel motion, if they were aware of the eye of origin.
Since observers do not seem able to make this inference,
the perceived frontoparallel motion appears unsigned in
terms of eye of origin. However, the perceived fronto-
parallel motion may still be important for the detection
of motion in depth in the median plane. The addition of
random motion noise in the frontoparallel plane ad-
versely aﬀects the detection of motion in the median
plane, in the presence of stationary distractors (Sumnall
& Harris, 2000). One interpretation of this result is that
due to eye movement or other noise, the two retinal
image motions may never be completely cancelled, and
there may be a small resultant motion in the fronto-
parallel plane. Random motion noise in the frontopar-
allel plane would mask this small residual motion and
therefore impair detection.
5.3. Conclusion
To summarise, detection thresholds for diﬀerent 3-D
trajectories are well predicted by probability summation
of two independent motion mechanisms, one in the
frontoparallel plane, the other in the median plane of
the head. Direction discrimination thresholds are simi-
larly well predicted for multiframe motion displays for
some observers. However, for two-frame displays, ob-
servers are unable to discriminate direction in the me-
dian plane of the head. These data are best ﬁt by a
model based only on the threshold for the frontoparallel
motion mechanism. Thus, both detection and direction
discrimination thresholds for a range of 3-D motions
can be explained on the basis of one or two motion
mechanisms in the frontoparallel plane and in the me-
dian plane of the head.
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